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Two-terminal local magnetoresistance (MR) effect in n-type germanium (Ge) based lateral spin-valve (LSV) devices can be observed at room
temperature. By using phosphorus δ-doped Heusler-alloy/Ge Schottky-tunnel contacts, the resistance-area product of the contacts is able to be
less than 0.20 kΩ μm2, which is the lowest value in semiconductor based LSV devices. From the one-dimensional spin drift-diffusion model, the
interface spin polarization of the Heusler-alloy/Ge contacts in the present LSV devices can be estimated to be ∼0.018 at room temperature. We
experimentally propose that it is important for enhancing the local MR ratio in n-Ge based LSV devices to improve the interface spin polarization of
the Heusler-alloy/Ge contacts. © 2019 The Japan Society of Applied Physics
F
or developing semiconductor-based spintronic appli-
cations,1–7) electrical spin injection and detection
techniques have been explored in III–V8) and
group-IV9–11) semiconductors. In general, four-terminal non-
local voltage measurements in lateral spin-valve (LSV)
devices12–14) have been utilized as evidence for spin transport
in nonmagnetic materials. In this scheme, since the preces-
sion of the spin angular momentum can be electrically
detected by applying perpendicular magnetic ﬁelds to the
polarized spins even in semiconductor channel layers,8,10,11)
it has been recognized that the four-terminal nonlocal Hanle-
effect curves in both parallel and anti-parallel magnetization
states are the most reliable evidence for the spin transport in
semiconductors. So far, only a few studies have clearly
shown the nonlocal Hanle-effect curves at room temperature
in both parallel and anti-parallel magnetization states for
Si15–17) and Ge18) although only room-temperature nonlocal
spin signals (not Hanle-effect curves) have been shown for
GaAs.19–22)
In general, two-terminal local magnetoresistance (MR)
measurements have also been utilized to examine spin-
dependent transport of spin-polarized electrons or holes
through semiconductors.23–30) Recent studies of GaAs-based
LSV devices showed large MR ratio from 10% to 50% but
the data were limited at low temperatures.31,32) To explore the
possibility of the novel applications to Si-based conventional
complementary metal-oxide-semiconductor (CMOS) transis-
tors with the nonvolatile memory functionality, the two-
terminal MR effect in n-Si has also been examined even at
room temperature.33–37) On the other hand, there is no report
on the two-terminal local MR effect in n-Ge at room
temperature despite a next generation channel material for
CMOS transistors.38,39)
In this letter, using n-Ge LSV devices with phosphorus (P)
δ-doped Heusler-alloy/Ge Schottky-tunnel contacts, we ob-
serve the two-terminal local MR effect at room temperature.
In these LSV devices, the resistance-area product (RA) of the
contacts is able to be less than 0.20 kΩ μm2, which is the
lowest value in semiconductor based LSV devices. From the
one-dimensional spin drift-diffusion model, the interface spin
polarization of the Heusler-alloy/Ge contacts can be esti-
mated to be ∼0.018 at room temperature. For enhancing the
local MR ratio in n-Ge based LSV devices, it is important to
improve the interface spin polarization of the Heusler-alloy/
Ge contacts.
The following is the device fabrication procedure. By
means of molecular beam epitaxy (MBE), we ﬁrst grew an
undoped Ge(111) layer (∼28 nm) at 350 °C (LT-Ge) on the
commercial undoped Si(111) substrate (ρ ∼ 1000 Ω cm).
Then, an undoped Ge(111) layer (∼70 nm) was grown at
700 °C (HT-Ge) on top of the LT-Ge.40) As the spin-transport
layer, we grew a 140 nm thick P-doped n-Ge(111) layer
(doping concentration ∼ 1019 cm−3) by MBE at 350 °C on
top of the HT-Ge layer. The carrier concentration (n) in the
n-Ge(111) layer was estimated to be n ∼ 1× 1019 cm−3 at
room temperature by Hall effect measurements. To promote
the tunneling conduction of electron spins through the
Schottky barriers,41–43) a P δ-doped Ge layer (n+-Ge) with
an ultra-thin Si insertion layer was grown on top of the spin-
transport layer.44) As a spin injector and detector, we used
Co2FeAl (CFA), expected to have a relatively high spin
polarization,45,46) grown by low-temperature MBE.18)
Detailed growth procedures have been published
elsewhere.47,48) Figure 1(a) shows a schematic diagram of
an LSV device fabricated for two-terminal local and four-
terminal nonlocal measurements. For controlling two-dif-
ferent magnetization states between parallel and anti-parallel,
the two-different CFA/n-Ge contacts with 0.4× 5.0 μm2
(FM1) and 1.0× 5.0 μm2 (FM2) were fabricated by conven-
tional electron-beam lithography and Ar-ion milling.48–50)
The edge-to-edge distance, d, between the CFA/n-Ge con-
tacts was ∼0.4 μm.
Figure 1(b) displays an atomic resolution high angle
annular dark ﬁeld scanning transmission electron microscopy
image of the CFA/n-Ge interface in an LSV device. Because
of the δ-doping near the interface, a few atomic layers (∼5Å)
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of P + Si insertion can be seen. We note that there is some
ﬂuctuation of the atomic composition in the CFA layer near
the interface, as denoted by yellow arrows. In our recent
work on Co2FeAl0.5Si0.5 (CFAS)/n-Ge interface, we found
that the Ge atoms in the δ-doped layer are outdiffusing in the
CFAS layer,51) leading to the same ﬂuctuation of the atomic
composition near the interface. We will present in the last
paragraph some discussion about the inﬂuence of the atomic
composition ﬂuctuation in the CFA/n-Ge interface. Owing to
the δ-doping near the interface, the current density–voltage
(∣ ∣J –V ) characteristics of the CFA/n-Ge contacts show almost
no rectifying behavior at room temperature [Fig. 1(c)], which
indicates the demonstration of the tunneling conduction of
electrons through the CFA/n-Ge interfaces. Here the ∣ ∣J –V
characteristics were measured by the three-terminal measure-
ments, as depicted in the inset of Fig. 1(c). From these
measurements, the RA value of the CFA/n-Ge contacts can be
estimated to be 0.12–0.34 kΩ μm2 at 296 K, one order of
magnitude larger than the spin resistance of the grown n-Ge
spin transport layer (∼0.014 kΩ μm2 at 296 K). Note that the
Schottky barrier height of Heusler alloy/n-Ge(111) junctions is
relatively low (0.4–0.5 eV)52) compared to Heusler alloy/n-
GaAs ones and the barrier width can be intentionally reduced by
developing an original δ-doping technique near the interface.44)
As a result, the RA value of less than ∼0.20 kΩ μm2 is the
lowest value in semiconductor based LSV devices reported so
far, meaning an advantage of achieving low power consumption
devices.
For these LSV devices with the low-RA Schottky-tunnel
contacts, we measured spin transport in n-Ge, where the
measurement schemes of the two-terminal local and four-
terminal nonlocal methods were depicted in Fig. 2(a).
Figures 2(b) and 2(c) show representative four-terminal
nonlocal spin signals (ΔRNL=ΔVNL/I) at 200 K and
296 K, respectively, by sweeping in-plane magnetic ﬁelds
(By) at I=−2.0 mA, where the negative sign of I (I< 0)
indicates that the spin-polarized electrons are injected into the
n-Ge layer from CFA, i.e., spin injection condition via the
Schottky-tunnel barrier. Although the amplitude of ΔRNL is
decreased by elevating the external temperature from 200 to
296 K, the hysteretic nature depends on the parallel and anti-
parallel magnetization states between FM1 and FM2 (see the
arrows in the ﬁgures). By sweeping perpendicular magnetic
ﬁelds (Bz), we also conﬁrmed nonlocal Hanle-effect curves at
room temperature in both parallel and anti-parallel magneti-
zation states at 200 and 296 K (not shown here), as clearly
shown in our previous works.18,48–50)
Using the same LSV devices, we recorded two-terminal
local spin signals (ΔRL=ΔVL/Ibias) at 200 K and 296 K, as
presented in Figs. 2(d) and 2(e), respectively, at bias currents
of Ibias=−2.0 mA and −3.5 mA. Evident positive ΔRL
changes with hysteretic nature can also be observed even at
room temperature. Here we also measured minor-loop data
(see black dashed curves) in the same ﬁgures, meaning that
the anti-parallel magnetization state between FM1 and FM2
is stable and positive ΔRL changes are attributed to the spin-
dependent transport of electrons through the n-Ge layer. In
Fig. 2(e) we can understand that a reliable local MR effect up
to room temperature is detected even in an n-Ge LSV device.
(a)
(b) (c)
Fig. 1. (Color online) (a) Schematic diagram of an LSV device with
Co2FeAl/n
+-Ge contacts for both four-terminal and two-terminal magne-
toresistance measurements. (b) HAADF STEM image of the Co2FeAl/n
+-Ge
interface of a contact in an LSV device. (c) ∣ ∣–J V curves of the
Co2FeAl/n
+-Ge contacts (FM1 and FM2) at 296 K.
(a)
(b)
(d)
(c)
(e)
Fig. 2. (Color online) (a) Terminal conﬁgurations of four-terminal non-
local and two-terminal local magnetoresistance measurements in n-Ge based
LSV devices. Nonlocal magnetoresistance curves at (b) 200 K at
I = −2.0 mA and (c) 296 K at I = −2.0 mA. Local magnetoresistance curves
at (d) 200 K at Ibias = −2.0 mA and (e) 296 K at Ibias = −3.5 mA. The black
dashed curves are minor loops.
© 2019 The Japan Society of Applied Physics033002-2
Appl. Phys. Express 12, 033002 (2019) M. Tsukahara et al.
From these data, the MR ratio (%), (ΔRL/Rp)×100, can be
estimated to be about 0.002% and ∼0.001% at 200 K and
296 K, respectively, where RP is the resistance in the parallel
magnetization state in the LSV devices used. A typical value
of RP is ∼100 Ω, where the interface resistance at the two
CFA/n-Ge contacts is dominant (∼80 Ω). Although the
estimated MR ratios are extremely small as well as the
reported Si LSV devices,33,34,37) this is a ﬁrst step for room-
temperature applications with n-Ge on the Si platform.
These features were reproduced in lots of LSV devices
fabricated in our processes. To understand the extremely
small MR ratio in the two-terminal measurements, we
roughly consider the values of ΔRL/Rp obtained for various
LSV devices. According to the standard theory based on the
one-dimensional spin drift-diffusion model by Ref. 53 the
magnitude of ΔRL and Rp in ferromagnet(FM)/semicon-
ductor(SC)/ferromagnet with double tunnel barriers has
been expressed as follows34,53–56)
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where γ is the spin polarization of the FM/SC interfaces, rb is
regarded as the value of RA measured by the three-terminal
voltage measurement for the FM/SC contacts, as shown
in the inset of Fig. 1(c), SN is the cross sectional area
of the SC spin-transport channel (SN= 0.98 μm
2). λN and rN
(=ρN× λN) are the spin diffusion length and the spin
resistance of the SC layer, respectively. Considering this
relation, one can expect the correlation between ΔRL/RP and
rb/rN, as already described in Ref. 54.
In Fig. 3 we plot ΔRL/RP versus rb/rN at various
temperatures and show the theoretical curves based on
Eqs. (1) and (2), where d= 0.4 μm, λN= 0.44 (296 K)–
0.60 (150 K) μm, estimated from the some experiments
in our previous reports18,48–50) and ρN= 3.1 (296 K)− 2.7
(150 K) mΩ cm, measured by a four-point probe method for
the devices used here. As a reference, we also indicated the
value of RA at 296 K in the upper horizontal axis in Fig. 3.
Here, we named the LSV devices having different RA (=rb)
values as Device A–Device I. For Device A, B, C, and D,
only the data at 296 K were plotted while the data from 150
to 296 K were shown for Device E, F, G, and H. Also, two
data at 150 and 200 K can be reliably observed for Device I.
It should be noted that we could not observe clear local MR
signals at room temperature due to the large electrical noise
while the nonlocal MR ones could be observed for high-RA
(>1.0 kΩ μm2) devices. The values of rb and rN are ranging
from 0.11 to 3.9 kΩ μm2 and from 0.013 to 0.017 kΩ μm2,
respectively. As consequences, ΔRL/RP values at 296 K are
less than 10−5, i.e., MR ratios are still less than 0.001%.
Also, the experimental data at 296 K can quantitatively be
reproduced by the theoretical curve with γ= 0.018. This
means that the interface spin polarization of the CFA/n-Ge
contacts in this study is approximately 1.8% at room
temperature. This value is the same order of magnitude for
the spin injection/detection efﬁciency (∼1%) estimated
from the four-terminal nonlocal measurements at room
temperature.18) In the same nonlocal measurements, we
have already observed the enhancement in the spin injec-
tion/detection efﬁciency up to 6%–9% for CFAS/n-Ge
contacts at low temperatures.7,51) Thus, if we also analyzed
the local MR data at low temperatures, the enhancement in
the MR ratio based on the increase in the value of γ can be
expected. Indeed, the value of γ, estimated from the local MR
data, can be increased with decreasing external temperature.
At 150 K, the MR ratio and the γ value are approximately
0.007% and 0.047 (4.7%), respectively. Accordingly, we
experimentally clarify that the value of the MR ratio in n-Ge
based LSV devices is dominated by the value of interface
spin polarization, γ.
We discuss important aspects to demonstrate large MR
ratios in n-Ge based spintronic applications. In this study, we
now clariﬁed that the MR ratios depend experimentally on
the interface spin polarization, γ, by examining temperature
dependence of ΔRL/RP, as shown in Fig. 3. Although such
expectations have so far been reported by theorists,53–55)
there are few experimental demonstrations of systematic
studies of MR ratios in the ﬁeld of semiconductor spintronics.
In Fig. 3 we have demonstrated low RA values of less than
∼0.20 kΩ μm2, leading to the relatively low rb/rN values.
Whereas further low RA values of ∼0.01 kΩ μm2 are
optimum condition for observing large MR ratios,53–55) the
spin absorption at the FM/Ge contacts on the spin transport
might affect.57) Thus, it is more important for enhancing the
MR ratio to increase γ than to reduce rb/rN. As a possible and
realistic issue, we should further explore methods for the
increase in γ in the present rb/rN range.
In particular, the following two factors should be con-
sidered in our n-Ge LSV structures. First, it has been
proposed that the quality of the FM/SC interface is one of
the most important factor to achieve high spin injection
efﬁciency in semiconductor spintronic devices.58) As shown
Fig. 3. (Color online) ΔRL/RP versus rb/rN of various Co2FeAl/n-Ge LSV
devices. The dashed curves are theoretical curves based on Eqs. (1) and (2).
© 2019 The Japan Society of Applied Physics033002-3
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in Fig. 1(b), because there is some ﬂuctuation of the atomic
composition in the CFA layer near the interface, we can
recognize that the bulk spin polarization of the CFA ﬁlm near
the interface is not so high. Actually, the magnetic moment of
the CFA ﬁlm grown on Ge(111) was reduced to be about
90% of the CFA bulk48) and it was caused by the outdiffusion
of the Ge atoms from the δ-doped layer.51) To enhance the
value of γ of the CFA/n-Ge contacts, further improvements
of the growth condition of Heusler alloys such as CFA on
Ge(111) should be explored in detail. Next, in some of
Heusler/MgO/Heusler magnetic tunnel junctions, it has been
proposed that interfacial noncollinear magnetic structures at
higher temperatures can affect the reduction in the spin-
dependent tunneling of electrons.59) Since the value of γ
depended on the external temperature, as shown in Fig. 3, we
should also consider the interfacial exchange stiffness con-
stant of Heusler/Ge heterointerfaces to exactly improve the
value of γ. From these considerations, the results of this study
will propose experimentally important aspects for achieving
high-performance semiconductor spintronic applications.
In summary, we have observed two-terminal local MR effect
in n-Ge based LSV devices at room temperature. By using P
δ-doped Heusler-alloy/Ge Schottky-tunnel contacts, the RA
value of the contacts was able to be less than 0.20 kΩ μm2,
which is the lowest value in semiconductor based LSV devices.
However, the room-temperature MR ratio was still extremely
low, which is less than 0.001%. From the one-dimensional spin
drift-diffusion model, the interface spin polarization of the
Heusler-alloy/Ge contacts was estimated to be ∼0.018 at room
temperature. We propose that it is important for enhancing the
local MR ratio in n-Ge based LSV devices to improve the
interface spin polarization of the Heusler-alloy/Ge contacts.
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